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THE BEHAVIOUR OF NON-IDEAL EXPLOSIVES I N  THE BALLISTIC MORTAR 

Graeme A. Le iper  
Nobel Explos ives Co. L td.  

Stevenston 

An ana lys i s  has been developed f o r  t he  B a l l i s t i c  Mor tar  t e s t  based 

on c l a s s i c a l  mechanics and a two stage chemical r e a c t i o n  r a t e  

model. Non-ideal behaviour of t he  composit ion was modelled by 

p a r t i a l  energy re lease  du r ing  t h e  detonat ion phase and secondary 

exothermic processes d u r i n g  t h e  expansion phase. Eros ive g r a i n  

bu rn ing  and t ime  delayed r e a c t i o n s  were both considered. Gas loss  

f rom t h e  mortar  c a v i t y  due t o  leakage was included. Predic ted 

mortar  performance o f  severa l  i d e a l  and non-ideal explos ives were 

i n  good agreement w i t h  experimental values. The e f f e c t s  o f  slow 

and incomplete r e a c t i o n  o f  non-ideal composit ions have been 

demonstrated, and i t  has been shown t h a t  measurement o f  mor tar  

throw angle a lone i s  i n s u f f i c i e n t  t o  determine t h e  performance o f  

a composit ion. The model has been used t o  e l u c i d a t e  the  r e a c t i o n  

r a t e  behaviour o f  Ammonium N i t r a t e  and Aluminium i n  commercial 

expl os i  ves. 

INTRODUCTION 

The b a l l i s t i c  mor tar  has been used f o r  over a hundred years 

by commercial exp los ives companies to measure the t o t a l  a v a i l a b l e  
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energy o f  t h e i r  composi t ions,  and t o  p r o v i d e  a p r a c t i c a l  rank ing  

o f  exp los i ve  performance. Throughout i t s  h i s t o r y ,  t h e  mor ta r  had 

prov ided a s e l f - c o n s i s t e n t  r a n k i n g  f o r  n i t r o g l y c e r i n e  s e n s i t i s e d  

composi t ions,  b u t  w i t h  t h e  advent o f  d r y  b l a s t i n g  agents,  water 

ge ls ,  and more r e c e n t l y  emulsion exp los i ves  i t  had been shown t h a t  

mor tar  rank ings  were n o t  ma in ta ined  across d i f f e r e n t  c lasses o f  

explos ives,  no r  always w i t h i n  one c l a s s  i t s e l f  . O f ten  novel  

exp los i ves  performed i n  a manner which b e l i e d  t h e i r  mor tar  

r a t i n g s .  

1 

There i s  s t r o n g  evidence t h a t  t h e  phys i ca l  form and chemical 

r e a c t i v i t y  o f  i n g r e d i e n t s  can have impor tan t  e f f e c t s  on t h e  

performance o f  commercial e x p l o s i v e s  . It i s  p o s s i b l e  t h a t  t h e  

v a r i a b l e  mor ta r  performance o f  such exp los i ves  cou ld  be caused by 

non- ideal  behaviour ,  and t h a t  a model o f  t h e  mortar  which i nc luded  

chemical r e a c t i o n  r a t e ,  c o u l d  be used t o  reso lve  such f a c t o r s .  

2 

Prev ious analyses o f  t h e  mor ta r  have demonstrated t h e  

mechanics o f  t h e  system3 and the  e f f e c t  o f  charge 

and i n i t i a t o r  s i z e  . I n  t h i s  work a c l a s s i c a l  mechanical 

has been coupled t o  a phenomenological r e a c t i o n  r a t e  

a l l o w i n g  independent i n v e s t i g a t i o n  o f  t o t a l  a v a i l a b l e  

and chemical r e a c t i v i t y  on t h e  performance o f  t h e  

4 

ve . 
A REACTIVE MODEL FOR THE BALLISTIC MORTAR 

The mor ta r  can be considered as a r i g i d  pendulum, c o n s i s t i n g  

of a two p i e c e  bob suppor ted by s t i f f  metal p l a t e s  f rom a k n i f e  
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edge (F igu re  1). Dur ing the  mor ta r  t e s t  0.01 kg o f  exp los i ve ,  

c a r t r i d g e d  i n  t i n  f o i l ,  i s  p laced i n  the  f r e e  space i n  t h e  bob. A 

small  copper detonator i s  used t o  i n i t i a t e  t h e  composi t ion and the  

r e s u l t i n g  explos ion and expansion o f  de tona t ion  products  

accelerates t h e  p r o j e c t i l e  and bob i n  opposing d i r e c t i o n s ,  

even tua l l y  d r i v i n g  the  p r o j e c t i l e  ou t  o f  t h e  bob. The bob 

cont inues t o  move b a l l i s t i c a l l y  u n t i l  a maximum d e f l e c t i o n  angle 

i s  reached. The angle r e f l e c t s  the  power o f  t h e  exp los i ve  

composit ion. 

The behaviour o f  t he  explos ive-mortar  system was modelled i n  

th ree  phases: t he  i n i t i a l  r e a c t i o n  o f  t he  composit ion t o  form a 

h o t  h igh  pressure gas w i t h i n  t h e  f r e e  space; t he  expansion o f  t he  

gas, per forming work aga ins t  t h e  p r o j e c t i l e  and t h e  bob; and the 

b a l l i s t i c  mot ion o f  t h e  bob a f t e r  t he  p r o j e c t i l e  had e x i t e d .  

N o n - i d e a l i t y  was in t roduced by mod i f y ing  the  i n i t i a l  s t a t e  o f  t he  

gas and i n c l u d i n g  energy re lease  and gas generat ion o r  l o s s  terms 

i n  the  expansion phase. 

I n i t i a l  Condi t ions 

The i n i t i a l  cond i t i ons  i n  t h e  mortar  c a v i t y  were obta ined 

from t h e  thermochemistry o f  t h e  system and t h e  elemental exp los i ve  

5 composit ion. The Har r i es  BLEND equat ion o f  s t a t e  was used t o  

c a l c u l a t e  t h e  heat  of r e a c t i o n  o f  t he  composit ion and t h e  PVT 

s t a t e  o f  t h e  gas i n  the  mortar  c a v i t y .  BLEND can be w r i t t e n  as 

A E f l  + B U ~ ) ~  
p =  l + 2 B o o  (1.1) 

where p i s  pressure, uo t h e  i n i t i a l  dens i t y  o f  t h e  exp los i ve ,  B 
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TO KNIFE EDGE 
1 

PROJECTILE 

FIGURE 1 
The Ballistic Mortar 
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t h e  covolume o f  t he  de tona t ion  products ,  E t he  s p e c i f i c  i n t e r n a l  

energy o f  t h e  products, and A i s  de f i ned  by 

A =  C v A p  
c" 

( 1 . 2 )  

where C v  and C 

s p e c i f i c  heats  o f  t he  exp los ion  products  a t  s . t . p .  

a r e  t h e  cons tan t  volume and constant  pressure 
P 

The pos t  exp los ion  s t a t e  was ca l cu la ted  from equat ion 1.1 

assuming an i n i t i a l  d e n s i t y  t h a t  would be obta ined i f  t h e  

exp los i ve  were u n i f o r m l y  d i s t r i b u t e d  throughout t h e  mortar  f r e e  

space, and assuming, i n  t h e  case o f  i d e a l  explos ives,  a chemical 

composit ion g i ven  by t h e  t e s t  sample mixed w i t h  the  PETN base 

charge o f  t h e  i n i t i a t o r .  I n  t h e  case o f  non-ideal behaviour the  

s p e c i f i c  energy and gas concen t ra t i on  were reduced from the  i d e a l  

va lue by an amount c o n s i s t e n t  w i t h  incomplete chemical r e a c t i o n  o f  

s low ly  bu rn ing  i n g r e d i e n t s .  

Expansion Phase 

From t h e  BLEND pos t -exp los ion  s t a t e ,  the gaseous products  

were expanded a d i a b a t i c a l l y  per forming work on t h e  p r o j e c t i l e  and 

the bob. Dur ing t h e  expansion process gas was a l lowed t o  escape 

from the  system by leakage, a t  t h e  l o c a l  escape v e l o c i t y ,  between 

the  bob and p r o j e c t i l e .  Such energy and gas t h a t  was n o t  re leased 

due t o  n o n - i d e a l i t y  i n  t h e  exp los ion  phase, was re leased du r ing  

expansion i n  a fash ion  which represented t h e  phys i ca l  processes o f  

p a r t i c l e  i g n i t i o n  and e r o s i v e  g r a i n  burn ing.  

T r e a t i n g  t h e  mortar  as a c l a s s i c a l  r i g i d  pendulum i n  which 
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energy re leased by t h e  expanding gas was p a r t i t i o n e d  between the  

bob and p r o j e c t i l e  conserv ing bo th  momentum and energy, gave 

I w = I b W b  (2.1) 

'pWp Z + I W z = E  b b w (2.2)  

P P  

where I denoted moment o f  i n e r t i a ;  W angular  v e l o c i t y  about the  

p o i n t  o f  suspension; s u b s c r i p t s  p and b r e f e r  t o  p r o j e c t i l e  and 

bob r e s p e c t i v e l y ;  and Ew i s  t h e  work performed by t h e  expanding 

gas. 

Tay lo r  has shown t h a t  I 

s t r u c t u r e  o f  t h e  mortar  such t h a t  

and Ib can be d e r i v e d  f rom t h e  
P 

6 

I = m r 2  (2 .3)  P P PC 

I b = m S 1  b b b  ( 2 . 4 )  

where m denoted mass; S t h e  d i s tance  between c e n t r o i d  and k n i f e  

edge; 1 t h e  dimension o f  an e q u i v a l e n t  s imple pendulum; r the  

d i s tance  f rom t h e  k n i f e  edge t o  p r o j e c t i l e  c e n t r e  o f  mass; and 

s u b s c r i p t s  a re  as above. 

P C  

The re lease  of .energy by t h e  gas d u r i n g  expansion, and hence 

t h e  work done on the  mortar  assembly was g iven by 

V 

' a  

v1 

E = f plyh- dv 
V W 

where p was pressure; v volume; a t h e  a d i a b a t i c  exponent o f  t he  

gas; and s u b s c r i p t s  1 and 2 r e f e r  t o  t h e  i n i t i a l  and f i n a l  s t a t e s  

o f  t h e  gas. 

The s t a t e  o f  t h e  gas d u r i n g  expansion was g i ven  by a p e r f e c t  
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gas equat ion o f  s t a t e  ( t h e  low pressure asymptote o f  BLEND). 

pv = nRT (2.6) 

where n denotes moles o f  gas; and T temperature. 

The model was developed by a d d i t i o n  o f  t ime dependent terms 

t o  i nc lude  chemical r e a c t i o n  r a t e  e f f e c t s ,  p a r t i a l  chemical 

r e a c t i o n ,  and changes i n  t h e  product  gas concen t ra t i on  due t o  

leakage and chemical reac t i on .  

F o r  any t ime  dependent expansion, equations 2.1 t o  2.6 and 

those d e c r i b i n g  t h e  r a t e  o f  volume change w i t h  t ime, and t h e  r a t e  

o f  gas and energy l i b e r a t i o n  by chemical reac t i on ,  and t h e  r a t e  o f  

gas leakage must be s a t i s f i e d :  

1 'b + wp v = nr 2 ( -  

pc 

* 2nr c l  n 
p r r - 7 - O -  

n = 4nn r 2 r  

2nr cl 
q = 4nq r 2 r  - - p v o  r r r  

. b  rr = ap 6 ( t i )  

24 ( a pv 1 
a-1  lo = - 
. .  

(3.3) 

where r was p r o j e c t i l e  rad ius ;  n the  moles o f  gas generated o r  

adsorbed per  u n i t  reactant ;  c t h e  clearance between bob b a r r e l  and 

p r o j e c t i l e ;  lo t h e  l o c a l  escape v e l o c i t y ;  q t h e  t o t a l  heat  i n  the  

gas; qr t he  energy re leased per u n i t  reac tan t ;  rr the  reac tan t  

p a r t i c l e  rad ius ;  a,b c o e f f i c i e n t s  o f  the g r a i n  burn ing k i n e t i c s ;  

P P 

387 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
4
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



and a(t i )  i s  a u n i t a r y  s tep  f u n c t i o n  o f  t he  p a r t i c l e  i g n i t i o n  

t ime .  

Equations 3 . 1  t o  3.6 were i n t e g r a t e d  numer i ca l l y  t o  g i v e  the  

PVT s t a t e  i n  the  c a v i t y ,  t he  p r o j e c t i l e  and bob v e l o c i t i e s ,  and 

t h e  s t a t e  o f  chemical r e a c t i o n  d u r i n g  the  expansion process. 

The B a l l i s t i c  Phase 

A t  t he  i n s t a n t  t h e  p r o j e c t i l e  l e f t  the bob, t h e  gas ceased t o  

per form work on the  system and t h e  bob energy cou ld  be c a l c u l a t e d  

f rom e i t h e r  the  bob o r  p r o j e c t i l e  v e l o c i t i e s .  

Eb = SmbSblbWb2 

E = &pg-?c m v r  111 
b b b  P 

( 4 . l a )  

( 4 . l b )  

The bob was a l lowed t o  con t i nue  t o  swing b a l l i s t i c a l l y  

aga ins t  g r a v i t a t i o n a l  f o r c e  t o  reach a maximum angular 

displacement, a t  which p o i n t  t h e  k i n e t i c  energy was f u l l y  

converted t o  p o t e n t i a l  energy. The maximum angle was t h e r e f o r e  

g iven by 

. p  = arcos (1 - Eb/mbSbg) ( 4 . 2 )  

where g i s  t h e  g r a v i t a t i o n a l  constant .  

The angle, p, r e f l e c t e d  t h e  t o t a l  energy re leased and could 

be used t o  rank exp los i ves  abso lu te l y ,  o r  i f  expressed i n  terms o f  

a percentage, t h e  performance r e l a t i v e  t o  some standard, u s u a l l y  

B l a s t i n g  G e l i g n i t e  (BG). 

(4 .3 )  
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PERFORMANCE OF MODEL 

Comparisons were c a r r i e d  o u t  between t h e  p r e d i c t e d  and 

experimental values o f  maximum throw angle and %BG, as de f i ned  i n  

equat ion 4.3, f o r  a s e r i e s  o f  i d e a l  i n t ramo lecu la r  exp los i ves  and 

a s e r i e s  o f  i n t i m a t e l y  mixed intermolecular. composit ion, t he  

p a r t i c l e  s i z e  o f  which made them v i r t u a l l y  i d e a l .  

I n  the  experiments l o g  o f  exp los i ve  was c a r t r i d g e d  i n  t i n f o i l  

and i n i t i a t e d  w i t h  a copper detonator  con ta in ing  0.08 g PETN. 

Each composit ion was t e s t e d  i n  t r i p l i c a t e  and the  r e s u l t s  averaged 

t o  p rov ide  a f i g u r e  o f  m e r i t .  The mortar  c a v i t y  was mechanica l ly  

scoured between shots t o  remove d e b r i s  and deposi ts .  Between each 

composit ion a number o f  sho ts  o f  BG were f i r e d  t o  p rov ide  a 

constant  re ference s t a t e .  The t e s t s  were modelled assuming a l l  

t he  exp los i ve  reacted i n  t h e  i n i t i a l  exp los ion.  No ad jus tab le  

parameters were used, as the  mor ta r  phys i ca l  dimensions were w e l l  

known from o the r  work . 7 

E x c e l l e n t  agreement was ob ta ined  between the  measured and 

c a l c u l a t e d  throw angles and %BG f o r  a l l  t h e  composit ions tes ted  

w i t h  t h e  except ion o f  TNT powder (Tables 1 and 2 ) .  The 

overest imat ion o f  t he  performance o f  TNT i s  thought  t o  be 

associated w i t h  the  fo rma t ion  o f  l a r g e  q u a n t i t i e s  o f  s o l i d  

products  which cannot remain i n  thermal e q u i l i b r i u m  w i t h  the 

gaseous products  d u r i n g  expansion and the re fo re  a c t  as a s i n k  f o r  

thermal energy. 
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TABLE 1 
Comparison o f  Absolute Throw Angle 

Explos ive Model 

BLASTING GELATINE 18 20' 
EMULSION 15 27' 
SUPERFINE AN FUEL OIL 16 35' 

deg 
Experiment 

18 30' 
15 35' 
16 43' 

deg 

TABLE 2 
Comparison o f  Resul ts  i n  Terms o f  % B l a s t i n g  G e l i g n i t e  

Exp los i ve  Model Experiment 

PETN 101.0 102.0 
TNT 67.0 64.8 
PENTOLITE 87.0 87.0 
MAN/AN WATERGEL 65.0 64.0 
EMULSION 69.0 69.0 
ALUMINIZED EMULSION 79.0 79.0 
SALT DOPED EMULSION 59.0 59.0 
p.g. ALUMINISED SLURRY 79.0 79.0 
SUPERFINE AN/OIL 80.0 79.0 
SUPERFINE AN/OIL 5% ALUMINIUM 83.0 80.3 
SUPERFINE AN/OIL 10% ALUMINIUM 89.4 90.2 
SUPERFINE AN/OIL 15% ALUMINIUM 92.2 91.2 
SUPERFINE AN ALUMINIUM 90.4 92.3 
SUPERFINE AN GILSONITE 79.5 80.2 

%BG %BG 

EFFECTS OF REACTION RATE 

The r e a c t i o n  bate f u n c t i o n ,  equat ion 3.4, has been used t o  

examine t h e  e f f e c t  o f  non-ideal exp los i ve  behaviour on mortar  

performance. A numerical experiment was performed where on ly  50% 

o f  a composit ion was a l lowed t o  r e a c t  d u r i n g  t h e  exp los ion  phase, 

t he  remainder bu rn ing  d u r i n g  t h e  expansion phase. The exp los i ve  

was assumed t o  be g ranu la r  i n  nature,  and two d i s t i n c t  c lasses o f  

r e a c t i o n  behaviour were considered: 
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( i )  t h a t  t he  i g n i t i o n  t ime  was very s h o r t  b u t  t h e  r e a c t i o n  

r a t e  slow; 

( i i )  t h a t  t he  i g n i t i o n  t ime  was long  b u t  t he  r e a c t i o n  r a t e  

f a s t .  

These cases covered the behaviour o f  t he  two most common 

i n g r e d i e n t s  i n  commercial exp los i ves  : ino rgan ic  o x i d i s e r s  t h a t  

r e a c t  by g r a i n  eros ion;  and m e t a l l i c  f u e l s  t h a t  r e a c t  by i g n i t i o n  

and subsequent eros ion.  

Case 1: Incomplete reac t i on .  

The f i r s t  case modelled was t h a t  o f  instantaneous constant 

volume r e a c t i o n  a f t e r  a p resc r ibed  i g n i t i o n  delay. The s imp les t  

case, t h a t  o f  i n f i n i t e  delay, r e s u l t e d  i n  t h e  expected behaviour: 

t h a t  mor tar  performance depended l i n e a r l y  on t h e  t o t a l  e x t e n t  o f  

r e a c t i o n  o f  t he  t e s t  composit ion ( F i g  2 ) .  

Case 2 : Complete Reaction w i t h  I q n i t i o n  Delay 

The degree o f  r e a c t i o n  i n  the  i n i t i a l  exp los ion was h e l d  

constant  a t  0.5,  and th'e i g n i t i o n  delay v a r i e d  f rom zero, i . e .  

f u l l  r e a c t i o n  i n  t h e  explos ion,  up t o  5vs ,  which was a f t e r  the 

p r o j e c t i l e  had e x i t e d  the  bob. The r e s u l t a n t  pressure-t ime 

p r o f i l e s  i n  the  mortar  c a v i t y  showed the  e f f e c t  o f  t he  constant  

volume r e a c t i o n  on the  system. (F igu re  3) The work done by each 

o f  these expansions was d i f f e r e n t ,  and decreased w i t h  i nc reas ing  

i g n i t i o n  delay. Th is  was r e f l e c t e d  i n  the  e f f e c t  o f  i g n i t i o n  

delay on t h e  %BG (F igu re  4 ) .  

It was c l e a r  from these c a l c u l a t i o n s  t h a t  %BG d i d  n o t  prov ide 
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FIGURE 2 
The Effect of Non-Reaction on Mortar Performance 
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FIGURE 3 
Ignition Delayed Reaction Pressure Profiles in Mortar Cavity 
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a unique method of defining explosive performance. A composition 

could attain the same rating either by incomplete reaction or by 

slow complete reaction. Explosives with identical %BG might 

therefore perform radically differently under field conditions 

where the timescale of the event differed significantly from that 

of the mortar. 

Case 3 : Complete Reaction with Finite Reaction Rate 

The degree of reaction in the initial explosion was again 

held constant at 0.5 but the ignition delay was set to zero and 

the reaction rate constants varied to provide various grain 

burning profiles (Figure 5). The effect of such reaction on the 

pressure time profile in the mortar cavity was quite different 

from Case 2. (Figure 6). There was, however, still some effect on 

mortar performance (Figure 7). 

The effect of grain burning on mortar performance was much 

less than the effect of ignition delay : the pressure dependency 

of the rate controlled the reaction, such that if it was to be 

completed before the projectile left the bob, approximately 80% of 

the reaction had to occur in the first millisecond of the 

expansion. Complete reaction in the mortar under grain burning 

kinetics should therefore be similar to a constant volume 

instantaneous reaction at 1ps. Both gave 73% BG performance. If 

the constraint of complete reaction was removed then the effects 

of partial reaction and late time energy release were compounded 

and a catastrophic fall in %BG resulted. 
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FIGURE 4 
The E f f e c t  o f  I g n i t i o n  Delayed Reaction on Mortar  Performance 
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FIGURE 5 
Grainburn ing React ion P r o f i l e s  i n  Mor tar  Cavity 

394 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
4
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



40 

10 

0 
0 

LL REACTION I N  EXPLOSION PHASE 

A FULL REACTION I N  0.5111s 
B FULL REACTION I N  0.8rns 
C FULL REACTION I N  3.1171s 
0 FULL REACTION I N  5.0111s 

I 1 I I 

30 2E-03 4E-03 
T I E  6 .  

FIGURE 6 
Grainburning Pressure Profiles in Mortar Cavity 
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FIGURE 7 
The Effect o f  Grainburning Reaction on Mortar Performance 
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EXPERIMENTAL EVIDENCE OF NON-IDEAL BEHAVIOUR 

Two common i n g r e d i e n t s  t h a t  a r e  added as dopes t o  commercial 

exp los i ves  a re  atomised aluminium and c r y s t a l l i n e  ammonium n i t r a t e  

(AN). These i n g r e d i e n t s  a re  regarded as energ i se rs  i n  t h a t  t hey  

a r e  n o t  r e q u i r e d  f o r  t h e  exp los i ve  t o  be detonable. I n  many cases 

non-ideal e x p l o s i v e  behaviour may be a t t r i b u t e d  t o  the  presence o f  

these i n g r e d i e n t s  and by m o d i f i c a t i o n  o f  t h e i r  p a r t i c l e  s i z e ,  t h e  

degree o f  n o n - i d e a l i t y  can be a l t e r e d  . 8 

Three explos ives,  ANFO, p a i n t  f i n e  aluminium s e n s i t i s e d  

s l u r r y ,  and emulsion were doped w i t h  v a r i o u s l y  s i z e d  aluminium and 

used t o  examine t h e  e f f e c t s  o f  i g n i t i o n  delay on mortar  

performance. ANFO made f rom a v a r i e t y  o f  d i f f e r e n t  AN p r i l l s  was 

used t o  examine g r a i n  burn ing e f f e c t s .  

I g n i t i o n  Delay E f f e c t s  

The t h e o r y  o f  t h e  i g n i t i o n  and bu rn ing  o f  metal p a r t i c l e s  i n  

h o t  o x i d i s i n g  atmospheres i s  w e l l  developed . A two s tage model 

i s  u s u a l l y  proposed c o n s i s t i n g  o f  an i g n i t i o n  event  fo l lowed by 

r e l a t i v e l y  f a s t  r e a c t i o n  . I n  t h e  case o f  aluminium t h e  i g n i t i o n  

event i s  r a t e  cor$ro l l ing,  and i s  assoc iated w i t h  t h e  need f o r  

thermal g r a d i e n t s  i n  t h e  p a r t i c l e  t o  be shal low enough t o  a l l o w  

exothermic o x i d a t i o n  on t h e  su r face  o f  t h e  p a r t i c l e  t o  become 

s e l f - a c c e l e r a t i n g .  

t h e  i g n i t i o n  t ime  o f  a p a r t i c l e  i s  g i ven  by 

9 

10 

Macek has shown t h a t  f o r  conduct ive heat ing,  

where b i s  t h e  metal dens i t y ,  d the  p a r t i c l e  d iameter ,  c t h e  
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metal heat capaci ty ,  H1 t h e  l a t e n t  heat o f  f us ion ,  To t h e  i n i t i a l  

metal temperature, Tm t h e  meta l  m e l t i n g  p o i n t ,  T t he  gas 

temperature f a r  from the  p a r t i c l e ,  E the gas thermal c o n d u c t i v i t y  

and Ti i s  t h e  i g n i t i o n  temperature g iven by 

(5.2) 
41 Ti = Ts - KpO' 

where Ts i s  t h e  m e l t i n g  p o i n t  o f  t h e  metal oxide, po i s  the 

p a r t i a l  pressure o f  oxygen i n  t h e  gas and K i s  a constant 

determined by experiment. Assuming t h a t  t he  aluminium does n o t  

r e a c t  i n  the  explos ion phase o f  the mortar, an i g n i t i o n  time, 

which i s  a f u n c t i o n  of p a r t i c l e  diameter, can be c a l c u l a t e d  f o r  

t h e  i n i t i a l  c a v i t y  s t a t e  achieved by each explos ive (F igu re  8). 

Several general p o i n t s  emerged from t h i s  analys is :  ( i )  t h a t  

f o r  any one p a r t i c l e  diameter, i g n i t i o n s  i n  ANFO were f a s t e r  than 

i n  s l u r r y ,  than i n  emulsion; and (ii) t h a t  i f  the  t imescale o f  t he  

mortar  was o f  t he  order  o f  5 ms, as found both from t h e o r e t i c a l  

and experimental ana lys i s ,  aluminium should n o t  react .  

The i g n i t i o n  o f  m e t a l l i c  f u e l s  i s  c o n t r o l l e d  by heat  f l o w  

i n t o  t h e  p a r t i c l e .  Any increase i n  heat  f l o w  w i l l  reduce i g n  t i o n  

t imes, a l l o w i n g  r e a c t i o n  i n  t h e  mortar .  Thermal t r a n s f e r  cL 1 be 

enhanced by l o c a l  turbulence,  and apparent increases o f  t h e  order 

of 200 t imes, a re  n o t  unreasonable. This  would be s u f f i c i e n t  t o  

reduce i g n i t i o n  t imes t o  r e a l i s t i c  values, f o r  r e a c t i o n  i n  the  

mortar  (F igu re  8 ) .  

Based on the  i g n i t i o n  delay e f f e c t  ca l cu la ted  above, the 

behaviour o f  a1 uminised exp los i ves  i n  the  mortar  should have been 
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FIGURE 8 
Ignition times for Aluminium in Various Atmospheres 
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FIGURE 9 
Experimental Data on the Effect of Aluminium Particle Size 
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independent o f  aluminium p a r t i c l e  s i z e  t i l l  the  aluminium f a i l e d  

t o  r e a c t  i n  t h e  explos ion phase, t h e r e a f t e r  as p a r t i c l e  s i ze ,  and 

t h e r e f o r e  i g n i t i o n  t ime increased, t h e  performance should have 

de te r io ra ted .  Th is  hypothes is  was supported by experimental 

evidence (F igu re  9 ) .  The f a l l  o f f  i n  performance was a l so  found 

t o  be exp los i ve  dependent, i n  agreement w i t h  the  d i f f e r e n c e  i n  

i g n i t i o n  behaviour ca l cu la ted  f rom the  theory o f  Macek: t he  f a l l  

o f f  i n  performance o f  a lumin ised ANFO occu r r i ng  between 256 and 

600 pm,compared t o  between 150 and 256 pm i n  a lumin ised emulsion. 

Gra inburn ing E f f e c t s  

C r y s t a l l i n e  ammonium n i t r a t e  i s  known t o  decompose 

exo the rm ica l l y  t o  y i e l d  gaseous products .  The r a t e  a t  which the  

r e a c t i o n  proceeds through a c r y s t a l ,  known as the  l i n e a r  burn ing 

r a t e ,  i s  a func t i on  of t he  gas pressure above the  crystal ’ ’  The 

burn ing r a t e  V can be represented by a standard p r o p e l l a n t  

r a t e  law: 

(6 .1  b V = ap 

L i t e r a t u r e  data has been used t o  p rov ide  a f i t  t o  t h  s 

general r e l a t i o n s h i p  over f i v e  orders o f  magnitude i n  pressure, 

(F igu re  10). 

A s e r i e s  o f  ANFO exp los i ves  were manufactured f rom AN p r i l l s  

o f  g r e a t l y  d i f f e r i n g  s p e c i f i c  su r face  areas g i v i n g  a range o f  

equ iva len t  spher i ca l  diameters (ESD)  f rom 8pm t o  59pm ( equ iva len t  

spher i ca l  diameter being de f i ned  as the  diameter o f  spher i ca l  

p a r t i c l e s  o f  equ iva len t  s p e c i f i c  su r face  area t o  t he  AN p r i l l s  ) .  
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FIGURE 10 
Effect of Pressure on the Linear Burning Rate o f  Ammonium Nitrate 
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FIGURE 11 
Experimental Data on the Effect o f  Ammonium Nitrate Particle Size 
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The mortar  performance was found t o  va ry  s low ly  w i t h  ESD up t o  

30pm (F igu re  11). From 30 t o  50 pm ESD, t he  performance f e l l  

s l ow ly ,  and beyond 50 pm t h e  performance dropped markedly. The 

d i f f e r e n t  regimes were i n t e r p r e t e d  as being complete r e a c t i o n  i n  

t h e  explos ion phase up t o  30 pm ESD, g r a i n  bu rn ing  t o  f u l l  

r e a c t i o n  i n  the  expansion phase between 30vm and 50pm ESD, and 

g ra inbu rn ing  t o  p a r t i a l  r e a c t i o n  above 50pm ESD. 

The model was used t o  p r e d i c t  t h e  mortar  performance as a 

f u n c t i o n  o f  ESD. The i n i t i a l  c a v i t y  c o n d i t i o n  was c a l c u l a t e d  

assuming o n l y  t h e  i n i t i a t o r  reacted,  t h e  ANFO being burned du r ing  

t h e  expansion phase. Q u a l i t a t i v e  agreement w i t h  experiment was 

obta ined and the  p r e d i c t e d  g ra inbu rn ing  p r o f i l e s  supported the 

i n t e r p r e t a t i o n  o f  t h e  experimental data (F igu re  12 ) .  

CONCLUSION 

A model o f  t h e  B a l l i s t i c  Mor tar  t e s t  has been const ructed 

which h i g h l i g h t s  the  e f f e c t  o f  chemical r e a c t i o n  r a t e s  i n  mortar 

performance. Good agreement between experiment and model r e s u l t s  

have been obta ined f o r  both non-ideal and i d e a l  explos ives.  I t  has 

been demonstrated t h a t  the behaviour o f  aluminium and ammonium 

n i t r a t e  can be accounted f o r  i n  d e t a i l  by consider ing the  r e a c t i o n  

process. It has been demonstrated t h a t  the i g n i t i o n  behaviour o f  

aluminium i n  explos ives i s  f o r m u l a t i o n  dependent, in the same way 

as i n  f u e l - a i r  and p r o p e l l e n t  f lames. 

The use o f  mor tar  throw angle as a measurement o f  performance 

has been shown t o  be non-spec i f i c .  i n  t h a t  i d e n t i c a l  throw angles 
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FIGURE 12 
Model Prediction o f  the Ammonium Nitrate Size Effect 
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can be obta ined f o r  a number of r e a c t i o n  r a t e  behaviours. The 

mortar  has been shown t o  respond t o  changes i n  r e a c t i o n  r a t e  

behaviour a t  r e l a t i v e l y  e a r l y  t ime  i n  the  expansion and hence 

p rov ides  a method o f  rank ing  exp los i ve  f o r  use i n  b l a s t i n g .  
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